We compared the intracellular localizations of TBP and TRF2 during the cell cycle and mitosis in HeLa cells. We show that during interphase, endogenous or exogenously expressed TRF2 is located almost exclusively in the nucleolus in HeLa or Cos cells. TRF2 localization is not affected by stress or mitotic stimuli, but TRF2 is rapidly released from the nucleolus upon inhibition of pol I transcription or treatment by RNase. These results suggest that localization of HeLa TRF2 requires a nucleolar-associated RNA species. In contrast, in 3T3 fibroblast cells, exogenously expressed TRF2 localizes to the nucleoplasm. Constitutive expression of ectopic TRF2 in 3T3 cells leads to a prolonged S phase of the cell cycle and reduced proliferation. Together with previous data, our results highlight the cell-specific localization and functions of TRF2. Furthermore, we show that during cell division, HeLa TRF2 and TBP are localized in the mitotic cytoplasm and TRF2 relocalizes into the nascent nucleoli immediately after mitosis, whereas TBP reassociates with the chromatin. Although partially contradictory results have been reported, our data are consistent with a model where only small proportion of the cellular TBP remains associated with specific promoter loci during mitosis.
INTRODUCTION
RNA polymerase II (pol II) transcription initiation requires the formation of a multiprotein complex around the mRNA start site (Hampsey, 1998; Hampsey and Reinberg, 1999; Hochheimer and Tjian, 2003) . A central factor in this process is the TATA binding protein (TBP). TBP associates with different sets of TBP-associated factors (TAFs) to form several distinct multiprotein complexes; SL1 required for pol I, TFIID and B-TFIID for pol II, and TFIIIB for pol III (Comai et al., 1992; Chiang et al., 1993; Hernandez, 1993) .
TBP has a bipartite structure with a highly conserved Cterminal core domain that is 80% identical between yeast and mammals. The core folds as a molecular saddle responsible for binding DNA via the concave underside and interaction with general transcription factors as well as with a host of other regulatory proteins via the solvent exposed convex surface (Kim et al., 1993; Kim and Burley, 1994; Nikolov et al., 1995; Tan et al., 1996; Liu et al., 1998) . To date, three proteins with strong sequence similarity to the core domain of TBP have been described. The first, Drosophila melanogaster TRF1, is expressed in a tissue-specific manner and functions as both an pol II and pol III transcription factor (Hansen et al., 1997; Holmes and Tjian, 2000; Takada et al., 2000) . At present this gene has been described only in Drosophila.
A second protein with high homology to the TBP core domain found in most metazoans has received various names; TLF, TRF2, TLP, and TRP (Wieczorek et al., 1998; Dantonel et al., 1999; Maldonado, 1999; Moore et al., 1999; Ohbayashi et al., 1999; Rabenstein et al., 1999; Teichmann et al., 1999) . More recently, a third protein TRF3 has been identified, but the function of this protein is unknown (Persengiev et al., 2003) . In contrast TRF2/TLF has been well studied in vivo where it was first shown to be essential for expression of specific genes at the onset of zygotic pol II transcription in early Caenorhabditis elegans, Xenopus laevis, and zebrafish (Danio rerio) embryos (Dantonel et al., 2000; Kaltenbach et al., 2000; Veenstra et al., 2000; Muller et al., 2001 ; for review see Berk, 2000; Veenstra and Wolffe, 2001 ). In D. melanogaster, TRF2 is essential for embryogenesis and for cell cycle progression in SL2 cells (Hochheimer et al., 2002) .
However, as it has been demonstrated recently, the situation is radically different in birds and in mammals. Targeted inactivation of mouse TRF2 shows that it is not required for embryogenesis, but that it is essential for spermatogenesis (Martianov et al., 2001; Zhang et al., 2001) , where it plays a role in formation and/or maintenance of the chromocenter, a specialized chromatin structure present only in haploid spermatids (Martianov et al., 2002a) . On the other hand, inactivation of TRF2 in chicken DT40 cells leads to a shortened G2 phase of the cell cycle and diminished apoptosis under stress conditions (Shimada et al., 2003) . Aside from male sterility, trf2 Ϫ/Ϫ mice otherwise appear normal, suggesting that there is no essential role of TRF2 in mammalian cell cycle in vivo.
Despite this wealth of data, the molecular function of TRF2 remains obscure. Although showing high sequence similarity to TBP, TRF2 does not bind classical TATA ele-ments (Dantonel et al., 1999; Moore et al., 1999) . In Drosophila, TRF2 is present in a large multiprotein complex containing proteins involved in chromatin remodeling and DREF (DNA replication-related element binding factor). DREF regulates a number of Drosophila genes involved in DNA replication and/or cell cycle progression whose promoters contain the cognate DRE element (Hochheimer et al., 2002) . Hence in this case, TRF2 is recruited indirectly to the promoter of target genes and no cognate TRF2 binding sites have been identified in other organisms.
In HeLa cells, transfection, and overexpression studies in cells and in vitro experiments, have shown that TRF2 associates stably with TFIIA and can act as a repressor or activator of RNA polymerase II transcription (Moore et al., 1999; Teichmann et al., 1999; Ohbayashi et al., 2001) . This observation suggests that TRF2 is a nuclear protein. However in DT40 and 3T3 cells, TRF2 has been suggested to be mainly present in the cytoplasm being imported into the nucleus only in G2 phase or in response to stress (Nakadai et al., 2004; Shimada et al., 2003) .
Using specific antibodies, we have investigated the intracellular localizations of TRF2 and TBP. We show that during interphase, HeLa cell TRF2 is restricted to the nucleolus, whereas TBP localizes to the nucleoplasm. Nucleolar localization of TRF2 is not affected by stress or mitogenic signals, but it is rapidly translocated to the nucleoplasm upon inhibition of Pol I transcription or treatment with RNase A, suggesting that a nucleolar-associated RNA(s) directs intranuclear TRF2 localization. In contrast, in 3T3 cells TRF2 localizes to the nucleoplasm. Constitutive ectopic expression of TRF2 in these cells leads to reduced cell proliferation and a prolonged S phase. Furthermore, we also show that both TRF2 and TBP are largely excluded from the condensed chromatin during mitosis.
MATERIALS AND METHODS

Cell Culture
HeLa cells were routinely cultured in Dulbecco's modified Eagle's medium (DMEM) at 1 g/L glucose supplemented with 2.5% fetal calf serum, 2.5% newborn calf serum. Cos-1 cells were grown in DMEM at 1 g/L glucose supplemented with 5% fetal calf serum. 3T3 cells were cultured in DMEM at 4.5 g/L glucose supplemented with 10% newborn calf serum.
UV Treatment
Irradiation was performed using a Stratagene UV Stratolinker 2400 (San Diego, CA) on confluent cells without medium. Immediately after irradiation fresh medium was added and the cells were incubated at 37°C in a humidified 5% CO 2 incubator until they were fixed and stained at the indicated times.
Drug Treatments
Apoptosis was induced by treatment of cells with 10 or 20 ng ⅐ ml Ϫ1 of human tumor necrosis factor (Recombinant human TNF-␣, R&D Systems Europe, Oxon, United Kingdom) directly added to the medium. Incubation was continued for the indicated times before fixing for different times. Tetradecanoyl phorbol 13-acetate (TPA; Sigma, St. Louis, MO) was added at a concentration of 100 ng ⅐ ml Ϫ1 as described in the results. Proteasome inhibitor MG132 (Calbiochem, La Jolla, CA) was used at a concentration of 50 M. For treatment with epidermal growth factor (EGF; MC2, Sigma), cells were starved overnight in serum-free medium and rinsed with PBS before addition of fresh medium containing 50 M EGF. For polymerase inhibition studies, cells were either treated by actinomycin D (Sigma) at 0.2 g⅐ml Ϫ1 or ␣-amanitin (Boehringer, Indianapolis, IN) at 5 g ⅐ ml Ϫ1 and incubated before fixing as described in Figure 4B .
RNase A Treatment
Cells were rinsed with PBS and then permeabilized with a low concentration of saponin (0.1 mg⅐ml Ϫ1 ) at 4°C for 5 min. After washing with PBS, cells were incubated for 10 min at room temperature with 1 mg⅐ml Ϫ1 RNase A (Sigma) in PBS or BPS alone. Then cells were rinsed twice in PBS before fixing.
Cell Synchronization
HeLa cells were incubated in the presence of 1 mM thymidine for 24 h. After three washes with PBS, fresh medium without thymidine was then added for 8 h. Cells were then blocked a second time in the presence of thymidine for 14 h before washing and release. Every hour for 8 h after release, an aliquot of cells was analyzed by fluorescence-activated cell sorting (FACS) and another, plated on glass slides, was fixed and stained for immunofluorescence. Nocodazole was purchased from Sigma and stored as a 10 mM stock solution in dimethylsulfoxide at Ϫ20°C. Immediately before use, stock solution was diluted to final concentration (10 M) in complete culture medium. Cells cultured on coverslip were incubated at 37°C with 10 M nocodazole for 9 h. For drug removal, cells were washed three times with PBS and then incubated at 37°C in a fresh complete culture medium for various time periods before fixing.
Transfection and Generation of Stable Cell Lines
HeLa cells were transfected by calcium phosphate precipitation as previously described (Mengus et al., 1995) . 3T3 cells were transfected with using Fugene (Roche, Meylan, France). To generate stable cell lines, 3T3 cells were transfected with the Flag-TRF2 expression vector along with a vector encoding resistance to puromycin. Forty-eight hours after transfection, cell were selected in medium containing 0.3 g⅐ml Ϫ1 of puromycin for 10 d until wellisolated clones were observed. The clones were then picked and expanded. Flag-TRF2-expressing clones were identified by immunofluorescence and immunoblotting. A total of 10 Flag-TRF2-expressing clones were analyzed and the results of two representative clones are presented.
Immunofluorescence
Immunofluorescence was performed essentially as described (Martianov et al., 2002a) . Cells were directly grown on glass slides inside 100-mm plastic tissue culture dishes. Before fixing, culture medium was removed and the slide was washed with PBS and then fixed by incubation for 15 min in PBS ϩ 10% HCHO. Cells were then permeabilized by incubation for two times for 10 min in PBS ϩ 0.1% Triton X-100 (PBST). Subsequently, the slide was washed three times with PBST ϩ 5% normal goat serum (NGS) and incubated 9 h at 4°C with the primary antibody solubilized in PBS ϩ NGS5%. The slide was washed three times with PBST and incubated again two times for 10 min in PBST. Afterward the slide was incubated with the second antibody solubilized in PBS ϩ 0.1% Triton X-100 ϩ NGS5% coupled with Cyanin3 or Alexa 488 for 1 h at room temperature. Next, the slide was washed three times with PBST and incubated again two times for 10 min in PBST, followed by the last wash for 5 min in PBS. Finally the slide was stained with Hoechst and covered with antifading medium (glycerol 80%, PBS 20%, propylgalate 5% p/v). The antibodies against TBP and TRF2 were as previously described (Lescure et al., 1994; Martianov et al., 2001) . Anti-Flag antibody was purchased from Jackson ImmunoResearch (West Grove, PA) and antibodies against fibrillarin and UBF were gifts from D. Hernandez-Verdun (Fomproix et al., 1998) , antibody against Pol I was a gift from C. Kedinger (Kedinger and Chambon, 1972) , antibody against TFIIA␣␤ was a gift from L Tora, and rabbit polyclonal antibody against TBP was a gift from T. Oelgeschlager (Christova and Oelgeschlager, 2002) . Immunoblots were performed by standard procedures and revealed by electrochemiluminescence.
Preparation of Cell Extracts
Extracts from HeLa cells were prepared by lysis in buffer A (10% glycerol, 50 mM Tris, pH 7.9, 1 mM EDTA, 0.1% NP40, 1 mM DTT) containing 0.05 M KCl by three cycles of freeze thaw. The lysate was centrifuged at 2500 rpm in a microfuge for 3 min to pellet the nuclei, and the supernatant was recovered as the cytoplasmic fraction. The pellet was resuspended and rinsed again with buffer A ϩ 0.05 M KCl and recentrifuged as before. The nuclear pellet was then resuspended in buffer A ϩ 0.5 M KCl and vortexed before incubation on ice for 30 min. The lysate was the centrifuged at 13,000 rpm in a microfuge for 10 min, and the supernatant containing the nuclear extract was recovered.
Enrichment of nucleoli was performed essentially as described by Andersen et al. (2002) . HeLa cells were resuspended in buffer A without glycerol and 0.05 M KCl and then centrifuged at 4000 rpm for 10 min in a microfuge. The cell pellet was resuspended in 3 ml of 0.25 M sucrose with 0.01 M MgCl 2 and layered on 3 ml of 0.35 M sucrose with 0.0005 M MgCl 2 and centrifuged for 5 min at 1430 g at 4°C. The pellet was then resuspended in 350 l of 0.35 M sucrose with 0.0005 M MgCl 2 and pulse sonicated six times for 8 s. This was then layered on 1.5 ml of 0.88 M sucrose with 0.0005 M MgCl 2 and centrifuged for 15 min at 5000 ϫ g at 4°C. The pellet containing the enriched nucleoli fraction was then resuspended 50 l of buffer A ϩ 0.05 M KCl without glycerol.
RESULTS
TRF2 Localizes to the Nucleolus in HeLa and Cos Cells
We have previously described monoclonal antibodies (mAb 3G3 and 2A1) that specifically recognize either TBP or TRF2 (Lescure et al., 1994; Martianov et al., 2001 Martianov et al., , 2002a . mAb 3G3 detects TBP in the nucleoplasm of interphase HeLa cells ( Figure 1A , left panel). In contrast, antibody 2A1 reacts strongly with a nuclear structure(s), but not with the nucleoplasm ( Figure 1A , right panel). Between 2 and 4 TRF2-reactive structures are observed per nucleus. Such large nuclear structures may correspond to the nucleoli. To test this, HeLa cells were double-stained with the 2A1 mAb ( Figure 1B , left panel) and a polyclonal antibody against pol I ( Figure 1B , right panel). Both of these antibodies clearly label the same structures, demonstrating that they correspond to the nucleoli. Similar results were obtained in Cos1 cells, where TRF2 was also located in the nucleoli, whereas as expected TBP was nucleoplasmic ( Figure 1D ). Although TBP is present in the nucleolar SL1 complex, it is not readily detected under these conditions because of its low abundance (Jordan et al., 1996 and see below) .
Cytoplasmic and nuclear extracts were prepared from HeLa cells, and the presence of TBP and TRF2 was determined by immunoblotting. TRF2 was present in the cytoplasmic fraction, but was enriched in the nuclear fraction, whereas the majority of TBP was present in the nuclear extract ( Figure 1C , lanes 1 and 2). TRF2 and TBP were also detected in extracts from fractions enriched in nucleoli (Figure 1C, lanes 3 and 4) .
We have previously shown that mAb 2A1 recognizes TRF2 in Western blot and immunohistochemistry in testis from wild-type, but not trf2 Ϫ/Ϫ mice (Martianov et al., 2002a) . To further demonstrate the specificity of the HeLa cell nucleolar labeling, cells were transfected with a vector expressing a Flag-tagged TRF2 and the transfected cells labeled with either anti-TRF2 or anti-Flag antibodies. Using the anti-Flag antibody, the transfected Flag-TRF2 could be clearly seen to accumulate within the nucleoli of the transfected cells, while no labeling was seen in the adjacent untransfected cells (Figure 2A ). Similarly, much stronger nucleolar labeling was seen with the anti-TRF2 antibody in the subpopulation of transfected cells ( Figure 2B ). We also used a second mAb 2D5 which is not sufficiently sensitive to detect endogenous TRF2, but clearly detects transfected Flag-TRF2 in the nucleoli of the transfected cells ( Figure 2C ). Analogous results were observed with a third independent antibody 2D7 (unpublished data). Transfected native TRF2 could also be detected within the nucleoli of transfected cells ( Figure 2D ). Together these results confirm that endogenous HeLa cell TRF2 is nucleolar and that the transfected protein also accumulates preferentially in the nucleoli.
It has previously been suggested that TRF2 stably associates with TFIIA in HeLa cells (Teichmann et al., 1999) . We therefore double-labeled HeLa cells with a polyclonal anti-TFIIA antibody and mAb 2A1. TFIIA is present in the nucleoplasm, while TRF2 is nucleolar and no double staining is observed ( Figure 1E ). Hence in intact HeLa cells, the majority of the TFIIA and TRF2 populations are not in the same cellular compartments and therefore cannot constitutively associate with each other.
We next synchronized the HeLa cell population to follow TRF2 localization through the S and G2/M phases of the cell cycle. Cells were blocked at the entry to the S phase with thymidine and then analyzed from 0 to 8 h after release by FACS analysis and immunofluorescence. Three to 4 h after release the cells, predominantly in G1 at time 0, moved into the S phase ( Figure 3, A and B) . By 7 h after release, the majority of the cells were in late S phase ( Figure 3C ) and by 8 h in G2/M ( Figure 3D ). Immunofluorescence of these cell populations indicated that TRF2 remained in the nucleolus throughout the S phase and located only into the nucleoplasm upon disruption of the nucleoli during the prophase of mitosis (Figure 3 , A-D, and see below). Thus, in HeLa cells TRF2 does not translocate to the nucleoplasm during the S and G2 phases of the cell cycle.
To examine the localization of TRF2 within the nucleolus, confocal microscopy was performed with antibodies against the pol I transcriptional activator UBF or the structural component fibrillarin and TRF2. UBF is associated with the rDNA loci within the nucleolus, which can be seen as almost discrete speckles (Figure 4 , top panel). In contrast, TRF2 labeling is much more homogenous and does not show the characteristic speckled labeling seen with UBF (Figures 4  and 1B) . Labeling of TRF2 rather resembles that of fibrillarin (Figure 4 , bottom panel). TRF2 is therefore not selectively associated with the rDNA loci, but more homogeneously localized within the nucleolus.
Nucleolar TRF2 Localization Is Not Affected by Stress or Mitogenic Response
It has been shown that TRF2 translocates to the nucleoplasm in chicken DT40 after exposure to stress stimuli (Shimada et al., 2003) . If TRF2 were to play a role in modulating stress response also in HeLa cells, we reasoned that such stimuli may induce a translocation of TRF2 from the nucleolus to the nucleoplasm where it could act to modulate gene expression. To test this idea, HeLa cells were treated with various stimuli, such as UV irradiation, and tumor necrosis factor alpha (TNF-␣; see Figure 5A ). Treatement with UV did not cause a change in TRF2 localization either shortly after exposure (unpublished data; see Figure 5A ) or even 6 h after exposure ( Figure 5B ). At these late times, cells with condensed nuclei corresponding to apoptotic cells induced by the UV exposure could be detected. Even in these cells, TRF2 remained localized within the nucleolus ( Figure 5A ). Thus, TRF2 is not relocalized as part of the immediate early response to UV irradiation or during the subsequent apoptosis.
Treatment with TNF-␣ also induced apoptosis, but no relocalization of TRF2 (summarized in Figure 5B ). Similarly, treatment with phorbol esters (TPA) to activate intracellular signaling pathways had no effect on TRF2 localization. It was also possible that TRF2 was localized in the nucleolus to protect it from targeted proteolysis. However in the presence of MG132, which blocks the proteosome and other targeted degradation pathways, no additional nucleoplasmic TRF2 was observed. The HeLa cells were also serum starved for 24 h and then treated with EGF. Neither serum starvation nor mitogenic stimuli had an effect on TRF2 localization. Together these results do not support the idea that TRF2 is involved in stress and growth response of HeLa cells.
Nucleolar Localization of TRF2 Requires pol I Transcription and an RNA
We next tested the effect or arresting pol I transcription using low doses of actinomycin D. In contrast to the above treatments, TRF2 rapidly within 15 min and stably relocalized to the nucleoplasm in the presence of actinomycin D ( Figure 6A , summarized in Figure 5A ). Moreover, a small amount of TRF2 was also detected in the cytoplasm. Treatment with actinomycin D for these short times does not lead to a total breakdown of the nucleoli as revealed by doublelabeling with antifibrillarin ( Figure 6A , top panel, and Andersen et al., 2002) . After 1.5 h of actinomycin D treatment, residual nucleoli could still be observed by staining with fibrillarin, whereas TRF2 was now nucleoplasmic with detectable cytoplasmic staining ( Figure 6A, bottom panel) . Hence, nucleolar localization of TRF2 is rapidly abolished upon arrest of pol I transcription. In contrast, TRF2 localization was unaffected when pol II transcription was arrested by ␣-amanitin (unpublished data).
Interestingly, after prolonged actinomycin D treatment, distinct foci of TBP within the nucleoli could now be seen. This likely corresponds to TBP bound to the rDNA loci which becomes visible due to a local concentration of the loci within the nucleolus ( Figure 6B and Jordan et al., 1996) . Treatement of nuclei with RNase A has previously been reported to provoke disorganization of heterochromatin (Maison et al., 2002) . To test whether RNA was involved in TRF2 nucleolar localization, we next permeabilized cells with saponin and treated the nuclei with RNase A. Treatment with saponin alone did not affect TRF2 localization ( Figure 6C , top panel). In contrast, in the presence of saponin and RNase A, TRF2 was now distributed throughout the nucleoplasm with some also in the cytoplasm. RNase A treatment did not lead to dislocation of the nucleolus as revealed by double-labeling with antifibrillarin. This result indicates that an RNA(s) is required for nucleolar localization of TRF2.
Nucleolar Localization of TRF2 Is Cell Specific
We also sought to localize TRF2 in 3T3 cells with our antibody. Surprisingly however, no significant signal could be observed despite the fact that mouse and human TRF2 have identical amino acid sequences. Labeling was equivalent to background seen with the anti-Flag antibody on untransfected cells ( Figure 7A ). We therefore transfected 3T3 cells with the vector expressing Flag-TRF2. Strikingly, TRF2 did not localize to the cytoplasm as may have been expected from previous reports, but accumulated mainly in the nu- Figure 7A, bottom panel) . As a control we reprobed the slides of the transfected cells with the anti-Flag antibody, and although no transfected cells could be detected with the anti-TRF2 antibody, they were visible with the anti-Flag antibody (unpublished data).
To confirm these results, we isolated 3T3 cell lines stably expressing Flag-TRF2. TRF2 could be detected in extracts from these cells using both the anti-Flag and anti-TRF2 antibodies ( Figure 7B ). In these cells, Flag-TRF2 also locates mainly to the nucleoplasm with a small amount present in the cytoplasm ( Figure 7C ). Therefore, there is no specific nucleolar localization of TRF2 in 3T3 cells it is in fact excluded from the nucleoli in these cells ( Figure 7C ). As observed in the transiently transfected cells, no specific nucleoplasmic signal could be seen using the anti-TRF2 antibody. Thus although these cells express Flag-TRF2, it is not detected by immunofluorescence using the anti-TRF2 antibody, suggesting that the epitope is masked or modified in this cell type.
Ectopic TRF2 Nuclear Expression in 3T3 Cells Affects the S phase of the Cell Cycle
We analyzed the effect of constitutive TRF2 expression on the growth properties of 3T3 cells. We first compared the growth rate of the wild-type parental cells with those of three independent TRF2-expressing clones. Compared with wild-type, the TRF2-expressing clones showed a significantly lower proliferation rate ( Figure 8A ). To determine whether TRF2 expression affects a particular phase of the cell cycle, we subjected the cells to FACS analysis. In each clone, a significant increase in the number of cells in S phase was observed compared with the wild-type cells ( Figure 8B ). In wild-type cells, an average of 24% was found, whereas in each clone this value was 33-35%. In contrast, each TRF2-expressing clone showed a slightly reduced proportion of G1 phase cells, but no significant difference in the G2 population. On exposure to UV, the proportion of cells in S phase increased and the proportion in G2 decreased in a similar manner in wild-type and TRF2-expressing cells (Figure 8C , analogous results were obtained for clones B and C, unpublished data). The overall proportion of S phase cells is higher in the TRF2-expressing cells, but this simply reflects the higher proportion in S phase in the absence of UV treatment. Hence, constitutive ectopic TRF2 expression in 3T3 cells affects the S phase of the cell cycle, but does not affect response to UV-induced stress.
Localization of TRF2 and TBP during Mitosis
We next examined localization of HeLa cell TRF2 during mitosis. In the thymidine-blocked cells TRF2 remained in the nucleoli throughout the S and G2 phases, but appeared to be released into the nucleoplasm upon disruption of the nucleoli during prophase. To better investigate this, cells were blocked in G2/M for 9 -12 h using nocodazole, which was then washed away. Cells were then fixed at various times after release from the block and immunolocalization of TRF2 was performed.
Immediately after release from blocking with nocodazole, in late G2/M, TRF2 could be seen in the nucleoplasm ( Figure  9A ). This is due to disruption of the nucleoli after prolonged exposure to nocodazole. At prophase, TRF2 remained in the nucleoplasm, but was progressively excluded from the condensing chromatin ( Figure 9A ). Exclusion of TRF2 from the condensed mitotic chromatin was observed during metaphase and anaphase ( Figure 9, A and B) . These results were confirmed by confocal microscopy (unpublished data and see below). However, TRF2 was seen concentrating in the nascent nucleoli immediately after cell division ( Figure 9B ). Thus during mitosis, TRF2 is not associated with the residual nucleolar organizing regions (NORs), but like other pol II transcription factors, is excluded from the mitotic chromatin.
As controls in these experiments, we also labeled cells with antibodies against TBP. Somewhat conflicting results concerning TBP localization during mitosis have been reported. TBP was originally observed in the mitotic cytoplasm (Segil et al., 1996) , whereas a more recent report rather suggested that TBP associates with the condensed mitotic chromatin (Chen et al., 2002) . Using our monoclonal anti-TBP antibody, we observe TBP to be excluded from the condensing mitotic chromatin during prophase ( Figures 9C  and 10A ). At later stages, TBP remains located in the mitotic cytoplasm and relocalizes with the chromatin only at late anaphase/telophase ( Figures 9C and 10B) .
To confirm these results, we performed similar experiments with a rabbit polyclonal sera that has previously been used to perform chromatin immunoprecipitations on mitotic cell chromatin (Christova and Oelgeschlager, 2002) . Using this antisera, confocal microscopy confirms that the vast majority of TBP is excluded form the condensed mitotic chromatin until telophase, where it reassociates with the decondensing chromatin ( Figure 10A ). However even at this stage, confocal microscopy shows that TBP remains excluded from the most condensed chromatin regions. At each stage, the exclusion can be seen much better by confocal analysis than by conventional microscopy, where the rounding of the cell and the superposition of the different focal planes gives a less clear image. Similar experiments were performed with antibodies against the TFIID/TFTC subunit TAF4 (Mengus et al., 1997) . Like TBP, TAF4 remained excluded from the condensed chromatin until telophase, where reassociation with the chromatin was observed (Figures 9D and 10B and unpublished data) . These results indicate that the vast majority of TBP and TAF4 are not associated with the chromatin during mitosis.
DISCUSSION
Regulation of TRF2 Activity through Compartmentalization
In this study we show that TRF2 localizes to the nucleolus in cultured HeLa and Cos cells. Experiments using synchronized cell populations show that TRF2 is nucleolar throughout the interphase. Our conclusions are based on experiments involving the use of three different monoclonal antibodies directed against endogenous and exogenously expressed TRF2 and the use of anti-Flag antibody to detect exogenously expressed Flag-TRF2. In all cases, TRF2 is observed in the nucleolus. Biochemical fractionation of HeLa cells shows the presence of TRF2 in nuclear extracts and in fractions enriched in nucleoli. We do however detect significant amounts of TRF2 in the cytoplasmic fraction. In this respect, we have also observed significant amounts of TRF2 in cytoplasmic extracts from mouse testis (our unpublished data) despite the fact that TRF2 is clearly nuclear in male germ cells (Martianov et al., 2002a) . It is unclear why TRF2 leaks out from the nucleus at low ionic strength, whereas in both male germ cells and HeLa cells immunofluorescence clearly shows the protein to be nuclear. This tendency to leak from the nucleus may help to explain a previous suggestion (Shimada et al., 2003) that HeLa TRF2 was localized to the cytoplasm.
TRF2 does not display the characteristic intranucleolar localization seen with pol I or UBF, which are associated with the rDNA loci (Zatsepina et al., 1993) . It is therefore unlikely that TRF2 is required for pol I transcription. This conclusion is supported by the observation that TRF2 is not ubiquitously expressed and that trf2 Ϫ/Ϫ mice and DT40 cells are viable. Instead, the localization of TRF2 within the nucleolus resembles that of a structural protein like fibrillarin. This rather suggests that TRF2 is perhaps stored within the nucleolus in an inactive form. Indeed, regulation of transcription factors by confinement within the nucleolus has previously been described, for example, in the case of Mdm2, where its translocation to the nucleolus physically separates it from p53, allowing p53 to escape proteolytic degradation and accumulate in the nucleoplasm (for review see Horn and Vousden, 2004) . Similarly, several other proteins involved in growth control such as basic and acidic fibroblast growth factors are also localized in the nucleolus. These observations highlight the idea of a multifunctional nucleolus as more than just a specialized site of rRNA transcription and ribosome biosynthesis (see Pederson, 1998; Andersen et al., 2002) . TRF2 was not, however, detected in proteomic screens of the HeLa cell nucleolus (Leung et al., 2003) , perhaps because it is not a particularly abundant protein. Indeed, other less abundant nucleolar proteins have not been observed in this screen.
Why would HeLa cells store TRF2 in the nucleolus? It has been shown that TRF2 stably associates with TFIIA in HeLa cell extracts (Teichmann et al., 1999) . This interaction appears to be stronger than that with TBP (Nakadai et al., 2004) . Nevertheless, little or no TFIIA was detected in the nucleolus and consequently the majority of TRF2 and TFIIA do not colocalize within the nucleus. It is possible that the observed complex is formed only in the extracts after cell lysis, although we cannot exclude that possibility that a small fraction of each protein constitutively associate with one another. Moreover, addition of TRF2 to in vitro transcription systems can sequester TFIIA and repress transcription (Moore et al., 1999) . The ability of TRF2 to sequester TFIIA and interfere with transcription may explain why its presence in the nucleoplasm is regulated. The compartmentalization of TRF2 through localization in the nucleolus may correspond to a strategy for preventing an inappropriate interaction with TFIIA and limiting its transcriptional activ- 
Distinct Intracellular Localization of TRF2 in Different Cell Types
Although TRF2 is nucleolar in HeLa and Cos cells, this is not observed in all cell types. In our experiments, transiently transfected TRF2 localizes to the nucleoplasm of 3T3 cells and is also mainly nucleoplasmic in 3T3 cell lines stably expressing TRF2. We obtained analogous results using transfected mouse embryonic fibroblasts (unpublished data). Most importantly however, these results show that exogenous TRF2 does not concentrate in the nucleoli of 3T3 cells, as it does in HeLa cells. Moreover, in vivo in mice, TRF2 is imported rapidly into the nucleus in early stage pachytene cells during spermatogenesis and accumulates in both the hetero-and euchromatin compartments of the nucleoplasm. At no stage does TRF2 accumulate in the nucleolus of pre-or postmeiotic male germ cells (Martianov et al., 2002a) . Similarly, TRF2 is also nucleoplasmic in early C. elegans and zebrafish embryos (Dantonel et al., 2000; Muller et al., 2001) . The ability of TRF2 to localize in the nucleolus is therefore cell specific and not a ubiquitous feature in cultured cells in vitro or in tissues in vivo.
We also found in these experiments that the TRF2 expressed in 3T3 and embryonic fibroblast cells could not be detected by immunofluorescence using our anti-TRF2 antibody, but it could be readily detected on immunoblots. One possibility is that, in 3T3 cells, the epitope for our antibody in TRF2 is masked possibly because TRF2 forms a complex with other proteins that cover the epitope. This possibility is consistent with previous reports showing that Drosophila TRF2 can form a macromolecular complex (Hochheimer et al., 2002) . It is striking that we can detect TRF2 in HeLa cells and in male germ cells, but not in 3T3 cells. This suggest that TRF2 may associate with distinct partners in different cell types. The potential TRF2 partner proteins in 3T3 cells remain to be identified.
Nucleolar TRF2 Localization Requires an RNA
In DT40 and 3T3 cells TRF2 is proposed to translocate to the nucleus in response to stress signals (Shimada et al., 2003) and regulate genes involved in cell cycle and stress response. The stress signals that induce import of TRF2 into the nucleus in 3T3 cells do not release TRF2 from the nucleolus in HeLa cells. This observation strongly suggests that TRF2 is not required for gene expression during the stress response of HeLa cells. Interestingly, UV and other stress inducers also disrupt nucleolar structure (for review see Rubbi and Milner, 2003) , but the changes in nucleolar structure induced by stress do not lead to release of TRF2.
In contrast, our results show that TRF2 can be rapidly released from the nucleolus upon inhibition of pol I transcription. This treatment does not release TBP or other known pol I transcription factors, which remain associated with the rDNA loci (Zatsepina et al., 1993; Jordan et al., 1996; Gebrane-Younes et al., 1997) . Similarly, treatment with RNase also releases TRF2 from the nucleolus. Neither treatment leads a total dislocation of the nucleolus, but they do release TRF2 perhaps as the result of more minor alterations in nucleolar structure. One interpretation of these observations is that TRF2 nucleolar localization requires rRNA. However, rRNA is long lived compared with the rapid dissociation of TRF2 from the nucleoli in actinomycin D-treated cells. Moreover, as rRNA is obviously ubiquitous, one would expect rRNA to direct TRF2 to the nucleolus in all cell types, but this is not what is observed.
Alternatively, because TRF2 nucleolar localization is cell specific, it is possible that another RNA species may be involved. This RNA may be cell specific or at least its ability to localize TRF2 to the nucleolus would be cell specifically regulated. Because actinomycin D treatment leads to defined changes in nucleolar structure (Andersen et al., 2002) , it is possible that this RNA would be released from the nucleolus along with TRF2 under these conditions. One possible candidate would be a member of the small nucleolar (sno)RNA family. These RNAs associate with proteins to form a large number of small nucleolar ribonucleoprotein particles (snoRNPs) found associated with fibrillarin. SnoRNAs are involved in modifications of rRNA and also of U6 snRNA, mainly 2Ј-O-ribose methylation and conversion of uridine to pseudouridine (for review see Bachellerie et al., 2002; KissLaszlo et al., 1996; Pederson, 1998) . Several hundred snoRNAs are known, and some are cell specific, and for many their functions remain undefined (Bachellerie et al., 2002; Filipowicz and Pogacic, 2002) . One or several snoRNAs would therefore be good candidates for localizing TRF2 to the nucleolus in a cell-specific manner.
Function of TRF2 in Mammalian Cells
We established 3T3 cells that constitutively express TRF2 in the nucleoplasm. TRF2 expression leads to reduced cell proliferation and a prolonged S phase of the cell cycle, but no change in the G2/M phase is observed. Nuclear expression of TRF2 does not significantly affect the stress response of the cells to UV. However, it is worth noting that the levels of TRF2 expression in our wild-type 3T3 cells are below the levels of detection, whereas the ectopically expressed protein is readily detectable. Despite this overexpression, the effects on the cell cycle remain rather modest. Moreover, in HeLa cells TRF2 is sequestered in the nucleolus throughout the S phase and hence is unlikely to have a significant function at this stage. Together with the observation that, aside from male sterility, trf2-null mice appear normal, these results do not support a general role of TRF2 in the mammalian cell cycle.
The effects of TRF2 expression in 3T3 cells differ from the role attributed to TRF2 in chicken DT40 cells. In DT40 cells, inactivation of TRF2 leads to a shortened G2/M checkpoint, whereas its constitutive expression in the nucleus prolongs the cell cycle because of accumulation of cells at the G2/M transition. These results show that TRF2 expression has distinct effects on the cell cycle in 3T3 and DT40 cells. These observations are reminiscent of those obtained with TBP. DT40 cells heterozygous for TBP have an altered cell cycle (Um et al., 2001) , whereas TBP heterozygous mouse ES cells and mice are normal (Martianov et al., 2002b) . Thus, results obtained in DT40 cells may not be always directly transposable to mammalian cells.
Release of TRF2 and TBP from Chromatin during Mitosis
Unlike pol I factors that remain associated with the residual NORs (Sirri et al., 1999) , TRF2 is released from the nucleolus as it breaks down in the prophase of mitosis and rapidly reassociates with nascent nucleoli immediately after cell division. Otherwise, during mitosis, TRF2 localizes in the cytoplasm and is excluded from the condensed DNA. In this respect, it behaves similarly to TBP and TAF4, which are also localized in the cytoplasm during most of mitosis.
Our observation of TBP in the mitotic cytoplasm is in agreement with previous observations of Segil et al. (1996) . More recently, however, it has been suggested that a large proportion of the TBP pool remains stably associated with the condensed mitotic chromatin (Chen et al., 2002) . These experiments were performed with transfected GFP-TBP fusion proteins. Fluorescence from GFP-TBP revealed colocalization with mitotic chromatin, whereas antibody staining showed the endogenous TBP in the mitotic cytoplasm. This difference was interpreted as the result of masking of the antibody epitope in endogenous TBP in the condensed chromatin, a limitation not encountered with GFP fluorescence. Immunofluorescence is not, however, an inherent limitation, as we have shown previously that almost all the cellular pool of TAF7L, a testis-specific TAF, remains associated with condensed meiotic chromatin in spermatocytes, whereas TBP and several other TAFs are excluded (Pointud et al., 2003) .
Here we have used a polyclonal antibody that has previously been shown to immunoprecipitate TBP from mitotic chromatin in ChIP experiments (Christova and Oelge-schlager, 2002) . The epitopes for this antisera are therefore not masked by chromatin condensation. Using both this and the mAb, we observe that the vast majority of the TBP is present in the cytoplasm through metaphase and early anaphase, but by late anaphase/telophase TBP and TAF4 are reconcentrated around the chromatin. Confocal microscopy shows that at this stage, these proteins remain excluded from the most condensed chromatin, but may well associate with the decondensing chromatin.
Our results are consistent with the idea that only a very small proportion of the cellular TBP remains associated with specific promoter loci during mitosis. This TBP can be detected by ChIP experiments in which PCR allows an amplification of the genomic DNA associated with the TBP and is therefore more sensitive than immunofluorescence (Christova and Oelgeschlager, 2002) . Our data are not however consistent with the idea that a large proportion of the cellular TBP remains associated with the mitotic chromatin as suggested by Chen et al. (2002) . The difference may result from the overexpression of the GFP-TBP fusion in the transfection experiments of Chen et al., whereas we detect endogenous cellular TBP. Consequently, the overexpressed GFPfusion proteins may not exhibit exactly the same behaviors as the endogenous proteins. In addition, Chen et al. (2002) do not observe GFP-TFIIB associated with mitotic chromatin, whereas the endogenous protein is detected associated with promoter loci by ChIP (Christova and Oelgeschlager, 2002) . Thus, even using GFP fluorescence, the small amounts of promoter bound TFIIB cannot be readily detected. Together our results would rather indicate that the majority of the cellular TBP and TAF4 is excluded from the condensed mitotic chromatin, only a small proportion remaining associated with the inactive promoters. Nevertheless, this promoter-bound TBP likely plays a central role in restarting gene transcription after mitosis.
